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AbstracL  Expression of hepatitis B surface antigen 
(HBsAg), the major envelope protein of the virus, in 
the absence of other viral proteins leads to its secre- 
tion as oligomers in the form of disk-like or tubular li- 
poprotein particles.  The observation that these lipopro- 
tein particles are heavily disulphide crosslinked is 
paradoxical since HBsAg assembly is classically be- 
lieved to occur in the ER, and hence in the presence 
of high levels of protein disulphide isomerase (PDI) 
which should resolve these higher intermolecular 
crosslinks. Indeed, incubation of mature, highly disul- 
phide crosslinked HBsAg with recombinant PDI 
causes the disassembly of HBsAg to dimers. We have 
used antibodies against resident ER proteins in double 
immunofluorescence studies to study the stages of the 
conversion of the HBsAg from individual protein 
subunits to the secreted, crosslinked, oligomer. We 
show that HBsAg is  rapidly sorted to a post-ER, pre- 
Golgi compartment which excludes PDI and other ma- 
jor soluble resident ER proteins although it overlaps 
with the distribution of rab2, an established marker of 
an intermediate compartment. Kinetic studies showed 
that disulphide-linked HBsAg dimers began to form 
during a short (2 rain) pulse, increased in concentra- 
tion to peak at 60 rain, and then decreased as the 
dimers were crosslinked to form higher oligomers. 
These higher oligomers are the latest identifiable intra- 
cellular form of HBsAg before its secretion (h/2 = 
2 h). Brefeldin A treatment does not alter the localiza- 
tion of HBsAg in this PDI excluding compartment, 
however, it blocks the formation of new oligomers 
causing the accumulation of dimeric HBsAg. Hence 
this oligomerization must occur in a pre-Golgi com- 
partment. These data support a  model in which rapid 
dimer formation, catalyzed by PDI, occurs in the ER, 
and is followed by transport of dimers to a pre-Golgi 
compartment where the absence of PDI and a different 
lumenal environment allow the assembly process to be 
completed. 
NVELOPED animal viruses have been major tools in 
the characterization of the secretory pathway and in 
advancing our understanding of the mechanisms of 
protein sorting.  Frequently,  particular features of the path- 
ways of protein traffic are exploited in the maturation path- 
ways of different viruses so that a study of virus assembly 
leads to unexpected rewards in terms of an understanding of 
intracellular transport. This paper presents a study of the as- 
sembly of the lipoprotein particle formed by the transmem- 
brane glycoprotein of hepatitis B virus. This particle has the 
unusual feature of  being stabilized by extensive intermolecu- 
tax crosslinks and here we show that this reflects its assembly 
in an intermediate compartment between the ER and the 
Golgi. 
Hepatitis  B virus (HBV) ~  is a small (440/~) DNA virus 
1. Abbt~*viations used in this paper: BfA, Brefeldin A; BiP, Ig heavy chain 
binding protein; HBsAg, hepatitis B surface antigen protein; HBV, hepatitis 
B virus; PDI, protein disulphide isornerase; St9, a clonal isolate of Spodop- 
terafrugiperda  IPLB-Sf21-AE cells; anti-KXsKDEL a polyclonal antibody 
developed  in rabbits  against  a  mixture  of peptides  with  the  sequences 
KXXXXXKDEL where X indicates  a position filled by a mixture of ala- 
nine, aspartic acid, histidine, glutamine,  leucine,  tyrosine,  and lysine. 
which is the type virus of the hepadnaviridae  (hepatotropic 
DNA viruses).  HBV consists of a nucleoprotein core con- 
taining a  relatively small  DNA  genome (3,200  bp)  sur- 
rounded by a protein capsid composed of the core protein, 
hepatitis B core antigen. The nucleocapsid is surrounded by 
an envelope in which the major protein component is the 226 
amino acid hepatitis B surface antigen (HBsAg) which exists 
in nonglycosylated 24-kD (P24) and in N-glycosylated 27- 
kD (GP27) forms. In addition to being an envelope protein 
of the infectious virion, HBsAg is assembled into coreless, 
lipoprotein  particles that are secreted from HBV infected 
cells and form the bulk of HBsAg in the circulation. These 
noninfectious lipoprotein particles occur in two morphologi- 
cal forms: 22-nm diameter particles which appear as spheri- 
cal when negatively stained for EM and filamentous parti- 
cles of the same diameter and variable length (Bayer et al., 
1968; Robinson and Lutwick, 1976; Dane et al., 1970). The 
"spherical" forms appear disk-like when visualized by cryo- 
electron microscopy and could represent fragments of the 
tubular forms (Huovila,  A.-P. J., and S. D. Fuller,  manu- 
script in preparation). 
The round 22-rim I-IBsAg  particles isolated from the sera 
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semblies with a molecular weight between 2 and 4  ￿  106 
(Dreesman et al., 1972;  Kim and Tilles, 1973),  containing 
~75 % protein, 25 % lipid, and N-linked carbohydrate (Gavi- 
lanes et al., 1981; Peterson, 1987). One lipoprotein particle 
contains ~100 HBsAg polypeptide monomers (Aggerbeck 
and Peterson,  1985;  Ganem and Varmus,  1987; Peterson, 
1987).  I-IBsAg particles are unique among lipoproteins in 
that their structure is stabilized by extensive intermolecular 
disulphide crosslinking (Sukeno et al.,  1972;  Vyas et al., 
1972; Imai et al., 1974; Peterson, 1987). It is the site of for- 
mation of these extensive crosslinks which is the subject of 
this paper. 
Previous studies have provided much information on the 
biogenesis and the secretion of HBsAg. Eble et al. (1986) 
demonstrated that in a cell-free translation system HBsAg is 
initially synthesized as a  transmembrane polypeptide that 
spans the lipid bilayer at least twice. Cultured cells which are 
transfected with the coding region for HBsAg secrete 22-nm 
particles that are morphologically and antigenically indistin- 
guishable from those in serum (Crowley et al., 1983; Dubois 
et al., 1980; Liu et al., 1982; Moriarty et al., 1982; Patzer 
et al., 1984,  1986; Simon et al., 1988). Using such a system, 
Simon et al. (1988) showed that HBsAg becomes carbonate 
extractable with a very similar half-time to that of particle 
secretion. This indicated that the rate-limiting step in the ex- 
port process is the budding of the lipoprotein particles from 
the membrane. All of the oligosaccharides on the secreted 
HBsAg lipoprotein particles are of the N-linked complex 
type. However Patzer et al. (1984) showed that all of the gly- 
cans on cellular HBsAg were of the high mannose type. 
Hence, the rate limiting step in secretion must lie prior to 
the medial Golgi.  EM of HBsAg in infected or in stably 
transfected cells reveals particles within the lumen of smooth 
intracellular membranes (Gerber et al., 1974; Shibayama et 
al., 1984; Patzer et al., 1986).  These regions have been in- 
terpreted as elements of the ER and contributed to a con- 
sensus view that particle assembly in the membrane and bud- 
ding which is the rate limiting step in lipoprotein secretion, 
occurs in the ER (reviewed in Ganem and Varmus, 1987). 
The model that the assembly of HBsAg occurs in the ER 
has been based on morphological and immunocytochemical 
observations and on the assumption that endoglycosidase H 
sensitivity is restricted to this compartment. Unfortunately, 
specific markers for the ER have not been used in previous 
studies and hence the possibility that assembly may take 
place in an intermediate compartment between the ER and 
the Golgi has not been addressed. There is biochemical evi- 
dence that N-linked oligosaccharides on glycoproteins are 
still sensitive to endoglycosidase H digestion in such a com- 
partment (Pelham, 1988; Schweizer et al., 1990). It has also 
been suggested that oligomerization of some viral proteins 
may indeed occur in this compartment (Schweizer et al., 
1990;  Tooze et al.,  1988). 
We felt that the consensus view led to a paradox since it 
posits that the complex disulphide crosslinks which stabilize 
the secreted particle are formed in the ER and hence in the 
presence of high levels of PDI. The current model for intra- 
cellular disulphide bond formation is based on studies of 
intramolecular  disulphide  pairing  in  soluble  monomeric 
proteins  (Freedman and Hillson,  1980;  Creighton,  1984; 
Freedman,  1984).  The rate limiting step in the folding of 
many disulphide containing proteins is the exchange of  disul- 
phide bonds to generate the final, lowest free energy ar- 
rangement of the native state. Protein disulphide isomerase 
(PDI), an abundant, soluble resident protein of the ER, ac- 
celerates  this  process  by  catalyzing disulphide bond  ex- 
change and so causes dissociation of disulphide-linked ag- 
gregates and allows refolding of proteins  to their native, 
properly  disulphide-linked  conformation.  Two  classes  of 
disulphide bonds can be distinguished operationally in our 
studies. The first class comprises the crosslinks within an 
HBsAg dimer. We hypothesized that the formation of these 
bonds would be promoted by PDI since they are analogous 
to the bonds linking small oligomers such as influenza hae- 
magglutinin. We shall refer to this class as dimer crosslinks. 
The second set of crosslinks are those that bind dimers to- 
gether to form the highly crosslinked oligomer. We felt that 
it was unlikely that this second class would be stable in the 
presence of PDI since they resemble the aggregated cross- 
links  resolved  by  this  enzyme.  The  formation  of these 
oligomer crosslinks cannot be completed without particle as- 
sembly since they stabilize the oligomeric lipoprotein par- 
ticle. 
Immunofluorescence and pulse-chase  studies were per- 
formed in a mouse L cell line stably expressing HBsAg and 
no other viral proteins to localize the steps in the formation 
of these disulphide bonds.  We show here that I-IBsAg is 
transported to a compartment which is intermediate between 
the ER and the Golgi and which excludes the major resident 
soluble ER proteins such as PDI but overlaps with rab2, a 
marker of an intermediate compartment. We also show that 
the formation of the dimer crosslinks is completed in the ER 
while the formation of oligomer crosslinks occurs after exit 
from the ER and coincides with the budding of particles into 
the lumen of this intermediate compartment. We also dem- 
onstrate directly that the two classes of disulphide crosslinks 
have different energies since incubation of isolated, highly 
crosslinked particles  with  PDI  causes  the  conversion of 
oligomers to dimers. 
Materials and Methods 
Cells and Reagents 
The stably transfected mouse L fibroblast cell line SV24, expressing the 
short form (S) of hepatitis B surface antigen, subtype adw, under the control 
of the SV-40 early promoter (Simon et al., 1988), was a kind gift from Dr. 
Don Ganem (University of California,  San Francisco, CA). The cells were 
grown in DME containing 2.2 g/liter sodium bicarbonate,  10%  (vol/vol) 
FCS, 10 mM Hepes, 2 mM glutamine, 100 U/rni penicillin, and 100 t~g/ml 
streptomycin, in a standard cell incubator at 37~  in 5% CO2 atmosphere. 
Rat PDI-cDNA was obtained from Dr. George Banting (Bristol University, 
UK).  Pansorbin  and polyclonal  rabbit  antiserum  against human  HBsAg 
were purchased from Calbiochem-Behring Corp. (La lolla, CA). Attinity- 
purified rabbit antibody against the COOl-t-terminus of rab2 (Chavrier et 
al., 1990) was kindly provided by Dr. Marino Zerial (EMBL, Heidelberg, 
Germany).  Sheep  antibody  against  human  HBsAg  (#61WG20, Behring- 
werke, Marburg,  Germany) was a generous gift from Dr. Michael Nassal 
(Zentrum  ftir Molekularbiologie,  Heidelberg,  Germany) and it was used 
with  permission  from  Behringwerke.  Rhodamine-conjugated  goat-anti- 
rabbit-IgG  antibodies  were  from Jackson  Immunoresearch  Laboratories 
Inc. (West Grove, PA) and from Southern Biotechnology Associates (Bir- 
mingham, AL). Flnorescein-conjugated goat antibodies against mouse IgG 
(gamma chain specific) were from Zymed (San Francisco,  CA). Hoechst 
33258 DNA stain was from Hoechst (Frankfurt a/M, Germany). Alkaline 
phosphatase-conjugated  goat-anti-rabbit-IgG  (whole molecule) and goat- 
anti-mouse-IgG  (gamma  chain  specific)  were  purchased  from  Zymed. 
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gelatin (from cold water fish skin) and cycloheximide  was purchased from 
Sigma Chemical Co.  (St.  Louis, MO). Falcon (Beckton and Dickinson, 
Lincoln Park, NJ) and Nunc (Roskilde,  Denmark) plasticware  were used 
in cell culture.  35S-labeling L-methionine was purchased from Amersham 
(Braunschweig, Germany). Streptomyces splicatus Endo-/~-N-acetytglucos- 
aminidase H (endoglycosidase  H), produced in recombinant E. coli, was 
purchased from Boehringer-Mannheim (Mannheim, Germany). Brefeldin 
A (BfA) was purchased from Epicenter Technologies (Madison,  WI). Mo- 
lecular weight markers used in PAGE were the prestained molecular mass 
marker mixture for range 20-180 kD (Sigma Chemical Co.) and 14CH3- 
molecular mass standards for the range 14.3-200 kD (Amersham), 
Western Blot 
SV24 total cell lysate corresponding to 1.5 nag protein as measured by Bio- 
Pad protein assay (Bio-Rad Laboratories, Richmond, CA) was loaded into 
a  18-cm well and separated by electropboresis on an SDS-polyacrylamide 
get (10%).  The proteins were  then electrotransferred from the gel to a 
nitrocellulose  sheet (Schleicber  and Schuell, Dassel, Germany) using a Ge- 
nie blotter apparatus (Idea Scientific Company, Corvallis, OR) cooled with 
ice for 1 h at 24 V constant voltage. Proteins were fixed to the nitrocellulose 
in 3% TCA containing 0.2%  Ponceau S protein stain (Serva,  Heidelberg, 
Germany).  Strips  cut  from  the  nitrocellulose  were  blocked  with  10% 
(wt/vol) fat-free instant milk powder in PBS (blotto; Johnson et al.,  1984) 
and incubated with primary antibodies diluted in blotto. After washing with 
0.2%  Triton X-100 in PBS the nitrocellulose  strips were  incubated with 
alkaline phosphatase-conjugated secondary antibodies diluted in blotto. 
After washing with 0.2%  Triton X-100 in PBS, the strips were incubated 
with alkaline phosphatase substrate solution (100 mM Tris-Cl, pH 9.5, I00 
mM NaCI,  5 mM MgCI~, 0.33 t~g/mi nitroblue tetrazolium, 0.165 #g/rnl 
5-bromo-4-chloro-indolylphosphate).  All the steps, except the electrotrans- 
fer, were performed at room temperature. 
Immunofluorescence 
Subconfluent layers of SV24 cells were grown on glass coverslips or mul- 
tiwell glass slides (Dunn Labortechnik GmbH, Asbach, Germany), rinsed 
in PBS and fixed with 3% (wt/vol) paraformaldehyde  in PBS for 15 rain. 
After blocking the unreaeted aldehyde groups with 50 mM NI-hCI in PBS, 
the cells were permeabilized with 0.1% (wt/vol)  Triton X-100 in PBS for 
5 rain. To prevent unspecific binding of antibodies, the cells were incubated 
for 30 min with 10% (vol/vol) goat serum in PBS. Primary antibodies were 
diluted in 10% (vol/vol) goat serum in PBS, and incubated with the cells 
for 20 rain. After extensive washing with PBS the cells were incubated again 
for 30 rain with 10% (vol/vol) goat serum in PBS followed by fluorescent 
labeled secondary antibodies diluted in 10% (vol/vol) goat serum in PBS. 
The secondary antibodies were used at the manufacturer's recommended di- 
lution. The cell nuclei were stained with Hoechst 33258  stain at dilution 
1/1,000 in PBS, to aid in finding the cells in the fluorescence  microscope. 
Cycloheximide  chase was done by incubating the cells on coverslips with 
20 #g/ml cycloheximide in normal growth medium before the fixation.  To 
see the effect of BfA on the distribution of HBsAg within the cells, the sub- 
confluent cell layers on coverslips  were incubated in normal medium sup- 
plemented with 10 #g/ml BfA for 2 h, and the cells were fixed and labeled 
for immunoflunrescence  as described above. The immunolabeled ceils were 
examined with Zeiss Photomicroscope IU with a Planapo 63￿  oil immer- 
sion objective and Zeiss Axiophot microscope  with 63x  Planapo oil im- 
mersion objective.  Photographs were recorded on Kodak TMAX400 black 
and white negative  film. 
Double  immunofluorescence  labeling to study the distribution of rab2 
and  HBsAg  in  SV24  cells  was  performed  essentially  as  described by 
Chavrier et al. (1990). Free cytoplasmic rab2 was removed from the cells 
by incubating them for 4 min with 0.1% (wt/vol) saponin in 80 mM Pipes, 
pH 6.8, containing 5 mM EGTA and 1 mM MgC12. After fixation with 3% 
paraformaldebyde as described above, the cells were incubated with 0.1% 
(wt/vol)  saponin in PBS for 5 min and quenched with 50 mM NH4C1 in 
PBS/saponin.  The primary antibodies and the fluorescent labeled secondary 
antibodies were  diluted in PBS/saponin and incubated as described by 
Chavrier et al. (1990). 
For confocal  microscopy,  subconftuent  SV24 cell layers on coverslips 
were fixed with 3 % paraformaidehyde  in PBS as for normal immunofluores- 
cence. Cells were permeabilized with 0.2% Triton X-100 in PBS for 5 rnin. 
Free aldehyde groups were quenched with 75 mM NI-I4CI and 20 mM gly- 
cine in PBS. To prevent unspecific binding of the antibodies the cells were 
incubated with 0.2% fish skin gelatin (wt/vol) in PBS for 10 min. The pri- 
mary antibodies were diluted in PBS containing 0.2% fish skin gelatin and 
incubated with the cells for 30 rain. After washing with PBS the cells were 
incubated with 0.2%  fish  skin gelatin in PBS for 10 mill, followed by 
fluorescent  labeled secondary antibodies diluted in PBS containing 0.2% 
fish skin gelatin.  After washing with PBS, the cells were postlixed  for 30 
rain with 4% paraformaldehyde  in cacodylate  buffer (pH 7.4). Postfixation 
was necessary because 1,4-diazabicyclo[2.2.2]octane  could cause marked 
changes in call morphology and redistribute the antibodies unspecifically. 
The coverslips were mounted on glass slides with 50% glycerol in PBS, con- 
taining  100  mg/mi  1,4-diazabicyclo[2.2.2]octane  to  prevent  fluorescein 
quenching during microscopy. The mounted cells were examined with laser 
scanning confocal  microscope (EMBL Light Microscopy  Group) using a 
single excitation  wavelength (514 nm) and selective filters  for fluorescein 
and rhodamine. 
Pulse-Chase  Experiments 
SV24 cells were grown in 35-mm dishes to form subconfluant layers. The 
cells were depleted  of meth_ionine in methionine-free MEM (MEM-met) 
containing 2.2  g/liter sodium bicarbonate,  10%  FCS  (dialyzed  against 
PBS), 2 mM glutamine, 100 U/mi penicillin, 100/~g/ml streptomycin,  and 
10 mM Hepes.  The ceils were pulsed for 10 rain with 300 #1 of the same 
medium containing 500 #Ci/ml  35S-labeled L-methionine (Amersham), 
and after the  radioactive pulse,  2  mi  of normal growth  medium  sup- 
plemented with 1.5 mg/ml nonradioactive L-methionine was added to pre- 
vent any further incorporation of [35S]methionine into newly  synthesized 
proteins.  After various times the chase was stopped by placing the dish on 
an ice cooled metal slab and washing the cells with ice-cold PBS after 
removing the medium. There was no increase in dimer concentration when 
a  10-rain pulsed (not chased) dish was allowed to stand for 1 h on an ice 
cooled metal slab before processing (data not shown). This control showed 
that cooling the samples to 0~  stopped any PDI catalyzed or spontaneous 
disulphide bond formation. All of the pulse-chase incubations described 
above were done at 37~  in 5% CO~. 
For short radioactive pulses, the experiments were done in a water bath 
in the room atmosphere. Media were as above, but with 0.35 g/liter sodium 
bicarbonate instead of the normal 2.2 g/liter. The cells were pulsed for 2 
rain and chased for various times as described above. 
The pulse-chased cells were lysed in cold RIPA buffer (10 mM Tris, pH 
7.4,  I%  [wt/vol] Triton X-100, 0.1% [wt/vol]  SDS, 0.1% [wt/vol] sodium 
deoxycholate,  150 mM NaCI) (Tooze et al.,  1987).  20 mM N-ethylmale- 
imide was added to lysis buffer to prevent spontaneous disulphide bond for- 
mation after cell lysis. Lysis was effected by passing the cells through a 21- 
gauge needle several times. The cell extracts and the media were spun for 
5 min at 14,000 rpm in an Eppendorf microcentrifuge  (Netheler and Hinz 
GmbH, Hamburg, Germany) to remove the insoluble debris.  I00 #1 of 
RIPA-wasbed Pansorbin was added to each sample to remove proteins that 
bind to Pansorbin. After overnight rotation at 4~  the Pansorbin was spun 
out and 5/xl of rabbit antiserum against HBsAg was added to each of the 
samples, and the mixture was rotated overnight  at 4~  100 #1 of Pansorbin, 
which had been preincubated overnight with nonradioactive RIPA extract 
of SV24 cells to block the nonspecific binding sites and washed three times 
with RIPA, was added to each sample and the samples were rotated over- 
night at 4"C. The Pansorbin was spun out and the immunoprecipitates  were 
washed three times with cold RIPA and three times with each of the wash 
buffers used by Tooze et al. (1987): with cold buffer A (10 mM Tris-HCl, 
pH 7.4, 0.1% [wt/vol] SDS, 1 mM EDTA), with cold buffer B (10 mM Tris- 
HC1, pH 7.4, 0.01% [wt/vol] SDS,  1 mM EDTA),  with cold buffer C (10 
mM Tris-HC1, pH 7.4, 1 mM EDTA, 500 mM NaCI), and finally with cold 
buffer D (10 mM Tris-HCl,  pH 7.4,  I mM ElYrA). Between all the washes 
the immunoprecipitates were spun 3 min at 8,000  rpm in an Eppendorf 
microcentrifuge. 
Washed immunoprecipitates were suspended in 50/~1 of electrophoresis 
sample buffer containing  200 mM Tris, pH 8.8, 5 mM EDTA, 1% SDS, 10% 
(wt/vol) sucrose and 0.1% (vol/vol) bromopbenol blue, with 40 mM DTT 
(to reduce the disulphide bonds) or without (for nonreduced samples),  and 
incubated at 95~  for 5 rain. It is necessary to use this concentration  of IYrT 
to fully reduce mature HBsAg.  After heating the samples  were cooled on 
ice and 10 #1 of iodoacetamide (500 mM) was added to each of the samples 
to block free thiols by acetylatlon.  The samples  were immediately  mixed 
well on a vortex, and spun for 3 min at 14,000 rpm in an Eppendorf cen- 
trifuge before preparing the supernatant for electrophoresis. 
The immunoprecipitated proteins were analyzed by SDS-PAGE using 
10-15% polyacrylamide gradient gels. After electrophoresis the gels were 
fixed with 10% (vol/vol) acetic acid and 50% (vol/vol) ethanol in H20 for 
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autoradiography enhancer (NEN Research, Boston, MA) according to the 
manufacturer's instructions. The gels were dried and exposed on Kodak 
X-OMAT  AR  film at  -800C.  The film was pre-exposed according to 
Laskey and Mills (1975) before autoradiography to obtain greater sensitiv- 
ity and optimal linear response to the radioactivity on the gels. The exposed 
films were developed with Kodak RP X-OMAT Processor M6B. 
The pulse chase in the presence of  BfA was performed as described above 
for 10 rain pulse, but 5 ~g/rnl BfA was present in the medium during methi- 
onine depletion, pulse, and the chases. The immunoprecipitation and the 
washes were done as described above and the samples were analyzed by 
SDS-PAGE and autoradiography. 
Incubation of HBsAg with Baculovirus 
Expressed PDI 
The Spodoptera  frugiperda cells (sfg-a c lonal isolate of Spodoptera  frugi- 
perda IPLB-Sf21-AE cells) and baculovirus expression vectors were ob- 
tained from Dr. M. Summers (Center for Advanced Invertebrate Molecular 
Sciences, College Station,  TX).  Rat PDI-cDNA (obtained from Dr.  G. 
Banting, University of Bristol) was cloned between the Sinai and XbaI sites 
of the pVL1393  expression vector. This construct was used together with 
linearized Autographa californica nuclear polyhedrosis virus wild type- 
DNA to cotransfect St9 cells. The transfection was done with Lipofectin 
(Bethesda Research Laboratories, Gaithersburg, MD) according to manu- 
facturer's instructions. Recombinant virus was plaque purified and infected 
cells were screened for PDI expression  by immunofluorescence  and Western 
blotting using a polyclonal antibody raised against purified rat PDI. For the 
overexpression of PDI, St9 cells were infected with the recombinant virus 
(9 ￿  106 cells, MOI =  10). As a control, St9 cells were infected with wild 
type virus (Luckow and Summers, 1988;  Summers and Smith, 1988).  Ly- 
sates were prepared from cells harvested at 48 h after infection. To prepare 
the lysates, cells were washed with PBS, resuspended in 500/~1 PBS, passed 
through a ball bearing cell cracker (20 passes with 18 t~m clearance) and 
then subjected to two rounds of freezing and thawing. 
HBsAg particles were collected from SV24 medium after 24 h radio- 
active labeling (100 ~Ci/mi [35S]methionine  and 10% of normal cold me- 
thionine) by spinning 12 h at 34,000 rpm in a Beckman SW40Ti rotor at 
4"C. The pelleted material was suspended in 100 mM potassium phosphate, 
pH 7.5, and divided into aliquots that were incubated 10 h at 37~  in 100 
mM potassium phosphate, pH 7.5, containing 5 mM reduced glutathione, 
0.1% (wt/vol) Triton X-100, and 5, 25 or 125 ~l of the lysate of the rat PDI- 
eDNA bearing haculovirus-infected ceils or of  the wild type baculovirus in- 
fected ceils (containing 7 mg/ml protein as measured with BioRad protein 
assay). The total incubation volume was 1.0 mi. After the incubation, 200 
t~l of 120 mM NEM was added to each sample to block the free thiols. 
HBsAg was immunoprecipitated as described for the pulse-chase experi- 
ments, except the final washes were omitted. Before preparing the irnmuno- 
precipitates for SDS-PAGE, they were washed once with RIPA-buffer and 
once with 10 mM Tris-Cl, pH 7.4. After the electrophoresis the gels were 
processed for autoradiography and quantitated as described for pulse-chase 
experiments. 
Digital Quantitation 
Autoradiographs from the pulse-chase experiments were digitized with 
Sony XC-77CE CCD camera module with a CCTV 12.5-75 FI.9 zoom lens 
connected to Apple Macintosh Ilcx microcomputer via a DT2255-50  Hz 
card (Data Translation Inc., Marlboro, MA) using Image 1.40 image pro- 
cessing and analysis program (Wayne Rasband, National Institute of Health, 
Research Services Branch, Bethesda, MD).  16 frames were averaged into 
one TIFF-format file. The optical densities of individual protein bands on 
the autoradiographs were quantitated as peak areas in pixels from column 
average plots using the Image 1.40 program. 
For dual channel correlation analysis of double-labeled immunofluores- 
cence, the separate micrographs taken  with rhodamine and fluorescein 
selective filters were scanned with a Perkin-Elmer Micro D  i010 at a step 
size of 25/~m or were taken directly as digital images from the modular 
confocal microscope using 512  x  0.093  ixm by 512  x  0.93/~m by 20  ￿ 
0.55 t~m steps. The image data was processed with a series of networks in 
the Application Visualization System (AVS, Stardent Computer) on a Star- 
dent 2000 GS. The separate image datasets were aligned by cross correla- 
tion and combined. The confocal microscope data could be used without 
further alignment. The further analysis followed the general procedure in- 
troduced by Dr.  Jean Davoust (Marseilles) for the treatment of double- 
labeled confocal images and implemented by us as a series of AVS modules. 
The reader is directed to his paper (manuscript submitted for publication) 
for a complete description of the procedure. Briefly, the two vector valued 
array of pixel data is repiotted as the number of occurrences of pixels with 
a given ratio of red to green. This second plot reveals the correlation be- 
tween red and green values for a given pixei and hence the likelihood that 
the antigen labeled with the fluorescein coupled antibody is found in the 
same position as the antigen labeled with the rhodamine-coupled antibody. 
Particular regions of this occurrence graph can then be selected and a new 
image composed which shows only those pixels corresponding to a given 
ratio of red to green or a three color image in which the selected pixels are 
shown in blue and the others are shown in their original red and green color. 
The AVS modules written by us for this processing are written in C and are 
available upon request. 
Endogiycosidase H Digestion of HBsAg 
A confluent layer of SV24 cells was labeled with [3~S]methionine overnight 
with 200 t~Ci/ml in MEM made with dialyzed serum and containing 10% 
of the normal methionine. The labeling medium was removed and the cells 
were washed with PBS and lysed. I-IBsAg was immunoprecipitated from ali- 
quots of the iysate, as described above and the washed immunoprecipitates 
were suspended in 70 #1 of 71.7 mM Na-citrate, pH 5.5, containing 0.143 M 
2-mercaptoethanol and 0.15%  (wt/vol) SDS, and incubated at 950C  for 
5 rain. After this mild denaturation to increase oligosaccharide accessibility 
for the enzyme, the samples were cooled to 37"C. 10/~1 of 1% (wt/vol) BSA 
was then added, followed by 20 td of endoglycosidase H stock (1 mU//~l). 
The final incubation buffer contained 50 mM Na-citrate, 0.1 M 2-mereap- 
toethanol, 0.1%  (wt/vol) SDS and 0.2 mU//~l endoglycosidase H. To the 
control sample, 20 t~l of water was added instead of the enzyme. After 24 h 
incubation at 37~  the samples were prepared for electrophoresis as de- 
scribed for the pulse-chase experiments, and analyzed by SDS-PAGE. 
Results 
Markers for the ER in SV24 Cells 
All of  the experiments described below were performed with 
SV24 cells, a mouse L cell line which had been stably trans- 
fected with the coding region for HBsAg. This line which se- 
cretes HBsAg lipoprotein particles was generously provided 
to us by Prof. Don Ganem (University of California at San 
Francisco). The generation of this cell line and the kinetics 
of secretion of HBsAg have been described previously (Eble 
et al.,  1986;  Simon et al.,  1988). 
To test the consensus view that HBsAg monomers are as- 
sembled and bud  as  lipoprotein particles  in  the  ER,  we 
needed specific markers for this compartment. Fig. 1 shows 
a  Western blot with four different antibodies specific for 
proteins residing in the ER against SV24  cell lysate.  1D3 
is  a  mouse  monoclonal  IgG  raised  against  the  peptide 
KDDDQKAVKDEL, corresponding to the carboxy termi- 
nus of PDI. It recognizes a major protein band at a relative 
molecular mass of '~55 kD corresponding to PDI and an- 
other protein, calreticulin, which is one of  the major calcium 
binding proteins in the ER lumen and migrates slightly more 
slowly on SDS-PAGE (Macer and Koch, 1988; Vaux et al., 
1990; Buck, P., D. J. Vaux, J. Tooze, R. Hendriks, and S. D. 
Fuller, manuscript in preparation). Anti-PDI is a polyclonal 
rabbit antiserum raised against purified bovine liver PDI 
which reacts specifically with PDI on Western blots of SV24 
lysate and does  not recognize  calreticulin.  10C3,  raised 
against the peptide KSEKDEL, which contains the carboxy- 
terminal six amino acids of BiP,  recognizes three major 
bands at "~99, 75, and 47 kD. The band at an apparent molec- 
ular mass of 75 kD is immunoglobulin heavy chain binding 
protein (BiP). BiP (Haas and Wabl,  1983),  also known as 
GRP78 (Shiu et al., 1977),  is an abundant soluble resident 
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lished elsewhere (Buck, P., D. J. Vaux, J. Tooze,  R. Hen- 
driks, and S. D. Fuller, manuscript in preparation). 
Double  immunofluorescence of SV24  cells  with poly- 
clonal anti-PDI (Fig. 2 a) and 10C3 (Fig. 2 b) shows that they 
reveal the same reticular pattern which is typical for soluble 
ER proteins. Similarly, anti-KXsKDEL (Fig. 2 c) and 1D3 
(Fig. 2 d) yield identical, reticular staining patterns. This re- 
sult shows that the distributions of PDI, BiP, and that of the 
bulk of the other KDEL-proteins which are visualized with 
anti-KXsKDEL are  identical in  SV24  cells  and  together 
with previous work with these reagents (Tooze et al., 1989; 
Vaux et al.,  1990) validates their use to test the hypothesis 
that HBsAg assembles in the ER. 
Figure L Western blot analysis 
of the ER marker antibodies on 
SV24 cell lysate. The antibod- 
ies used were: anti-KX~ (anti- 
KXsKDEL raised against  a mix- 
ture of peptides containing the 
KDEL  recognition sequence 
at the carboxyterminus), 10C3 
(anti-BiP tail),  1D3  (anti-PDI 
tail),  and anti-PDI.  The posi- 
tions of ERp99 (endoplasmin), 
BiP, and PDI are indicated. 
ER protein which has been suggested to dissolve or to pre- 
vent the formation of protein aggregates in the ER (Pelham, 
1986),  to help proteins to fold and oligomerize correctly 
(Gething et al.,  1986),  and to prevent incompletely assem- 
bled proteins from leaving the ER (Bole et al.,  1986).  The 
99-kD band probably represents ERp99 (Lewis et al., 1985), 
the mouse homologue of 94-kD glucose-regulated protein 
(G~P94; Mazzarella and Green, 1987), also known as en- 
doplasmin.  (Koch et al.,  1988;  Mater and Koch,  1988). 
Anti-KX~Zd)EL is  a  polyclonal rabbit  antiserum  raised 
against a mixture of peptides having the general sequence 
KXXXXXKDEL, where the X positions were synthesized 
from a  mixture of alanine, aspartic acid, histidine, gluta- 
mine, lencine, tyrosine, and lysine. It specifically recognizes 
at least 12 different proteins on the Western blot of an SV24 
cell lysate, including ERp99, BiP, PDI, and calreticulin (Fig. 
1) as well as the unidentified lower molecular weight protein 
recognized by  10C3.  A  more complete description of the 
production of  these antibodies and further evidence that they 
Resident Soluble ER Proteins Are Excluded  from a 
Compartment Enriched in HBsAg 
The relationship of the localization of the intracellular pool 
of HBsAg to that of soluble ER proteins was studied by in- 
direct double immunofluorescence microscopy. Although a 
large fraction of the HBsAg (Fig. 3 b) colocalizes with PDI 
(Fig. 3 a), there are localized HBsAg rich regions which ap- 
pear to exclude PDI. A similar pattern is revealed with other 
ER markers such as BiP. All regions that show BiP staining 
(Fig. 3 c) also show staining for HBsAg but localized regions 
that are enriched in HBsAg (Fig.  3  d) appear to exclude 
the  soluble ER protein.  The identity of staining of anti- 
KXsKDEL with that of the other ER markers in SV24 cells 
(Fig. 2) suggests that the other major KDEL-proteins behave 
similarly. 
The relationship of the PDI excluding compartment to the 
intermediate compartment marked by rab2 was also probed 
by double immunofluorescence. For this experiment a rabbit 
polyclonal anti-tab2 (Fig. 3 e) and a polyclonal anti-HBsAg 
developed in sheep (Fig. 3 f) were used and the cells treated 
with  saponin  to  remove cytoplasmic rab2.  This  saponin 
treatment results in a slightly altered cell morphology how- 
ever the fact that the PDI excluding areas contain rab2 is 
clear. 
The immunofluorescence  data shown in Fig. 3 suggest that 
a  fraction of HBsAg may exist in a  compartment which 
excludes ER markers, however, it does not allow one to dis- 
tinguish between a  gradual decrease  in the concentration 
of ER marker relative to HBsAg and an abrupt change in the 
ratio of these proteins which would indicate a separate com- 
partment. We quantitated the relationship between the dis- 
tribution of HBsAg and ER markers by analyzing three- 
dimensional  double fluorescence  data collected with confocal 
microscopy. Fig. 4 a  shows a plot of the pixels in a single 
section of the confocal data resolved into their fluorescein 
(1D3-PDI-horizontal;  shown separately in 4  c) and rhoda- 
mine (anti-HBsAg-vertical; shown separately in 4 b) inten- 
sifies. The strong, heavily populated diagonal corresponds to 
the bulk of the pixels in the image for which the ratio of PDI 
to HBsAg is relatively constant. The pixels which form a 
separate population at ~15 degrees from the vertical corre- 
spond to those regions of the image which are rich in HBsAg 
but have no detectable PDI. These regions are shown in Fig. 
4 d in which only the pixels marked in Fig. 4 a  were used 
to compose the image. The fact that this subpopulation of 
pixels is well separated in Fig. 4 a from the bulk of the pixels 
indicates that they correspond to a  separate compartment 
Huovila et aL Hepatitis B Surface Antigen Maturation  1309 Figure 2. Distribution of ER marker proteins in SV24 cells. Indirect double immunofluorescence shows that the antibodies characterized 
in Fig. 1 produce typical ER staining patterns in paraformaldehyde-fixed  SV24 cells. The antibodies used are anti-PDI (a, visualized with 
rhodamine) which shows an identical reticular staining pattern to 10C3 (b, visualized with fluorescein) and anti-KXsKDEL (c, visualized 
with rhodamine) which coincides with the staining for 1D3 (d, visualized with fluorescein). Structures that are morphologically similar 
to the HBsAg budding compartment and exclude ER markers are indicated by arrowheads. Bars,  10/~m. 
rather than reflecting the result of continuous variation in the 
intensity of either PDI  or HBsAg staining.  Processing of 
many sections of double stained cells revealed the presence 
of only the two populations of pixels seen in Fig.  4  a  for 
transfected cells. 
The temporal relationship between the HBsAg found in 
the PDI excluding regions and that seen in the PDI contain- 
ing regions was revealed by blocking synthesis of HBsAg 
with cycloheximide. The fraction of  the HBsAg staining seen 
in the PDI excluding regions increased with time indicating 
that these regions correspond to later stations in the matura- 
tion pathway.  After 90 min of cycloheximide treatment (Fig. 
5, A and B) HBsAg still colocalizes with PDI but to a lesser 
extent than in the normal steady state situation (Fig. 3, a and 
b). After 4 h in the presence of  cycloheximide (Fig. 5, C and 
D) the amount of HBsAg in the ER was markedly decreased, 
and after 6 h (Fig. 5, E and F) chase, no detectable HBsAg 
remained colocalized with PDI.  The PDI distribution re- 
mained  essentially  unchanged  during  these  incubations. 
These data show that HBsAg moves to the PDI excluding re- 
gion with increasing chase times and that the rate limiting 
step in  secretion must correspond to exit from this  com- 
partment. 
~me Course of  lntermolecular Disulphide 
Bond Formation 
We analyzed the maturation process biochemically to sep- 
arate the  early events occurring in the ER from the ones 
which  occur in  the  PDI excluding compartment.  We ap- 
proached this by studying the time course of intermolecular 
disulphide bond formation and of  particle secretion by pulse- 
chase immunoprecipitation experiments.  SV24  cells were 
pulsed for either 2  or  10 min with radioactive methionine 
and chased  for various  times.  HBsAg was  then immuno- 
precipitated from the cell extracts and the culture media and 
analyzed by SDS-PAGE in reducing (+) or nonreducing con- 
ditions (-) (Fig. 6, A and B). Analysis of the reduced sam- 
pies in which all of the HBsAg entered the gel and migrated 
as monomers (M/gp  R and M/p  ~ for glycosylated and non- 
The Journal of Cell Biology,  Volume 118, 1992  1310 Figure 3. Distribution of HBsAg in SV24 cells. Indirect double immunofluorescence with anti-HBsAg and antibodies to ER and intermediate 
compartment markers show a partial overlap of staining. The paired images are stained with 1D3 (a, fluorescein) which reveals the typical 
ER distribution of PDI,  10C3 (c, fluorescein) which shows the distribution of BiP and other ER proteins, anti-rab2 (e, rhodamine) which 
marks the ER and an intermediate compartment, rabbit anti-HBsAg (b and d, rhodamine) and sheep anti-HBsAg ~, fluorescein). Some 
of  the structures in which I-IBsAg is concentrated and which exclude PDI and other ER markers, are indicated by arrowheads. Bars, 10/~m. 
glycosylated forms, respectively) showed that newly synthe- 
sized HBsAg was not subjected to significant proteolysis, 
which  would  have complicated the  kinetic analysis.  This 
agrees  with  the  results  of previous  experiments  with  the 
SV24 cell line which showed that it secretes >95 % of the 
synthesized HBsAg as lipoprotein particles within 10 h (Si- 
mon et al., 1988). The nonreduced lanes of the gels are con- 
veniently interpreted in terms of our two class description of 
disulphide bonds in HBsAg. The monomer bands for the gly- 
cosylated (M/gp  N)  and  the nonglycosylated (M/p  N)  disap- 
pear with the formation  of the dimers showing the occurrence 
of the dimer crosslinks.  The formation of oligomer cross- 
links is reflected by the occurrence of material which runs 
at very high molecular weight or does not enter the gel in 
the nonreduced state. 
The kinetics of dimer crosslink formation were analyzed 
by digitizing the autoradiographs (Fig. 6 C) of immunopre- 
cipitated pulse-chased cell lysates. A fraction of the HBsAg 
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lation analysis of double im- 
munofluorescence.  The  in- 
tensities  of  rhodamine  and 
fluorescein  fluorescence  for 
individual pixels of a z section 
of SV24 cells taken with the 
modular confocal microscope 
are  plotted  in  a  with  the 
rhodamine (HBsAg) intensity 
vertical  and  the  fluorescein 
(PDI)  intensity  horizontal. 
Two populations of pixels are 
seen,  the majority  of which 
have similar intensities of  rho- 
damine  and  fluorescein  and 
hence contain both  PDI and 
I-IBsAg and a distinct popula- 
tion  (marked by  an  ellipse) 
which  show only rhodamine 
intensity  and  correspond  to 
the presence of HBsAg. The 
rhodamine  (b,  HBsAg) and 
fluorescein  (c,  PDI)  images 
are shown  to the right as is the 
image of  the HBsAg rich, PDI 
poor  pixels  (d)  which  are 
marked in a. 
is present as aggregated protein at very early times in the 
chase presumably reflecting the association of improperly 
folded protein seen at early times in other systems (Mar- 
quardt and Helenius, 1992). This is converted to monomers 
very rapidly (Fig. 6 A) and the monomer concentration then 
begins to decrease monotonically (Fig. 6 B). Dimers begin 
to form during the short (2 min) radioactive pulse (Fig. 6 A) 
and then increased in concentration with short chase times 
to peak at ,o60 min of chase with a concomitant fall in the 
monomer concentration. The fraction of dimers then de- 
creased with a  corresponding increase in high molecular 
weight oligomers. 
Time Course of  Particle Formation and Secretion 
Previous work has shown that the time course of secretion 
matches the time course of HBsAg carbonate extractability 
which reflects particle budding  (Simon et al.,  1988).  We 
wanted to compare the rates of these processes to those of 
dimer and oligomer crosslink formation seen above. Fig. 7 
A shows an autoradiograph of immunoprecipitates of SV24 
culture media after various chase times. These precipitates 
did not contain any detectable contaminants and hence we 
quantitated HBsAg secretion by measuring the incorporated 
radioactivity from the immunoprecipitated secreted parti- 
cles  (Fig.  7  B).  We  and  others have shown  that  HBsAg 
secreted from SV24 and other transfected cells is particu- 
late, as judged by EM and CsCI: centrifugation (Huovila, 
A.-P. J., and S. D. Fuller, manuscript in preparation; Dubois 
et al.,  1980; Moriarty et al.,  1981; Liu et al.,  1982; Laub 
et al., 1983). This is consistent with the fact that none of the 
secreted HBsAg entered the gel without reduction (data not 
shown), indicating all of it was crosslinked in the particles. 
The approximate half-time for the particle secretion from the 
SV24 cells in our chase conditions was 2  h.  The rates of 
secretion for the glycosylated and nonglycosylated forms of 
HBsAg were compared by quantitation of the relative inten- 
sities of the corresponding bands for the nonreduced mate- 
rial and can be seen to be identical (Fig. 7 B). 
The lag between the formation of dimers and lipoprotein 
particle secretion allows us to conclude that the oligomer 
crosslinks are formed with a half-time of <160 min from the 
disulphide-linked dimers. 
HBsAg Assembly Occurs in a Pre-Golgi Compartment 
The immunofluorescence data revealed that the surface anti- 
gen migrated to PDI excluding regions with a similar distri- 
bution  to  the  Golgi  complex  after  synthesis.  We  asked 
whether these regions represent a portion of the Golgi com- 
plex. Although the majority of I-IBsAg in SV24 cells is not 
glycosylated, the state of the glycosylation on the remainder 
provides  a  marker  for  its  location.  Patzer  et  al.  (1984) 
showed that all of  the oligosaccharides associated with intra- 
cellular HBsAg in stably transfected CHO cells were sensi- 
tive to endoglycosidase H digestion. We confirmed that this 
was also true for HBsAg expressed in SV24 cells (data sup- 
plied to referees but not shown). Since the secreted I-IBsAg 
particles bear only endoglycosidase H-resistant glycans, this 
provided evidence that the intraceUular pool had not yet en- 
countered the enzymes of the medial Golgi. 
BfA is a fungal metabolite which has been shown to have 
profound effects on the distribution of Golgi components. All 
characterized  medial- and  cis-Golgi  markers  have  been 
shown to redistribute to the ER in the presence of BfA and 
to return to their normal distribution upon its removal (Doms 
et al.,  1989; Fujiwara et al.,  1988; Lippincott-Schwartz et 
al., 1989; Takatsuki and Tamura, 1985). Immunofluorescent 
The Journal  of Cell Biology,  Volume 118, 1992  1312 Figure 5. Localization of PDI and HBsAg during cycloheximide treatment. Indirect double immunofluorescence with anti-HBsAg and anti- 
bodies to ER and intermediate compartment markers showing the change in distribution of  the surface antigen during incubation with cyclo- 
heximide. The paired stainings are with  ID3 (A, C, and E, fluorescein) and rabbit anti-HBsAg (B, D, and F, rhodamine).  The times of 
incubation with cycloheximide are 90 min (A and B), 4 h (C and D), and 6 h (E and F). Some of the structures in which I-IBsAg  is concen- 
trated and which exclude PDI are marked by arrowheads. The fraction of HBsAg that is found in the PDI-excluding compartment increases 
during the incubation.  For comparison,  the half time for secretion is ,~ 2 h (see Fig.  7). Bar, 10/zm. 
staining with 1D3 and a polyclonal antibody that recognizes 
mannosidase II (obtained from Brian Burke, Harvard Medi- 
cal School) shows that BfA has a similar effect on the redis- 
tribution of Golgi markers in SV24 cells (data not shown). 
Double  immunofluorescence  on  BfA-treated  SV24  cells 
(Fig.  8) shows that BfA does not cause HBsAg in the PDI 
excluding compartment to recycle back to the ER, indicating 
that the HBsAg maturation compartment is not part of the 
Golgi complex. This behavior is reminiscent of the effect of 
BfA on the region of the intermediate compartment marked 
by the 72-kD KDEL binding protein (Vaux et al.,  1990) or 
by rab2 (Chavrier et al.,  1990). In combination with the ex- 
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noprecipitation analysis of in- 
termolecular  disulphide bond 
formation.  A shows an auto- 
radiograph  showing the time 
course  of HBsAg dimer for- 
mation  after a  short  (2 min) 
radioactive pulse. B shows the 
time  course  of dimerization 
after  a  10-min  radioactive 
pulse.  The  positions  of the 
HBsAg monomers (M/p, non- 
glycosylated monomer; M/gp, 
glycosylated  monomer)  and 
dimers  are  indicated.  Non- 
reduced (-) and DTT-reduced 
(4-)  lanes  are  shown at dif- 
ferent  chase  times  (min).  C 
shows the time course of inter- 
molecular  disulphide  bond 
formation.  The  data  plotted 
are  optical  densities  of  the 
scanned autoradiograph in ar- 
bitrary units  (r~OD) normal- 
ized by the total counts taken 
from a reduced sample of the 
lysate at the same time point. 
The  decrease  in  monomers 
(--*-)  is  followed  by  an  in- 
crease in dimers (--~-) which then form oligomers which do not enter the gel. The half-time for particle secretion (2 h) is indicated by 
an arrow. Pulse-chase experiments, immunoprecipitation,  and SDS-PAGE autoradiography  were performed as described in Materials and 
Methods.  The mobilities of the molecular  weight markers are indicated. 
clusion of ER markers, the glycosylation and BfA data indi- 
cate that HBsAg migrates to a compartment intermediate be- 
tween the ER and the Golgi. 
Formation of  Oiigomer Cross-links Requires 
Exit  from the ER 
The demonstrated ability of BfA treatment to block exit of 
newly synthesized proteins from the ER while allowing ER 
functions  to  continue  (Lippincott-Schwartz  et  al.,  1989; 
Klausner et al.,  1992) allowed us to separate the formation 
of the stages of HBsAg maturation which occur in the ER 
from later ones. The time course of dimer formation was fol- 
lowed by pulse-chase analysis of cells in the presence of BfA 
(Fig. 8, c and d). In the presence of BfA, newly synthesized 
HBsAg is converted from monomers to dimers, however, the 
dimers accumulate  and  do not proceed to form oligomer 
crosslinks. The rate of dimer formation is approximately the 
same as in the non-BfA-treated cells represented in Fig. 6. 
Hence the formation of oligomer crosslinks in HBsAg re- 
quires  exit  from  the  ER.  This  distinguishes  the  case  of 
HBsAg  from that  of  smaller  disulphide-linked  oligomers 
such  as  influenza  haemagglutinin  in  which  all  disulphide 
bond formation is completed in the ER and required for exit 
from it. 
The observation that oligomer crosslinks only form after 
exit  from  the  ER  suggests  that  there  must  be  something 
different  about the  later  compartment which  allows  these 
oligomer crosslinks to form. The obvious candidate for this 
difference is the absence of PDI. We tested the effect of PDI 
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HBsAg secretion from SV24 
cells. The autoradiograph inA 
shows the  secreted  material 
which  was  immunoprecipi- 
tated from the medium after a 
10-rain radioactive pulse and 
the  indicated chase  times. B 
shows a quantitative analysis 
of the secretion. The X indi- 
cates the immunoprecipitable 
counts released into the me- 
dium as a  function of chase 
time with the nonspecific spe- 
cifically  bound  counts  sub- 
tracted. The fitted curve (----) 
shows  the  equation  16000 
cpm*  (1-exp(-t/2.5h)) which 
was  the  best  weighted least 
squares  fit to  the  data.  The 
corresponding  half-time  for 
the appearance of HBsAg par- 
ticles in the culture medium is •2  h. The ratios of glycosylated monomers to the nonglycosylated monomers in the particles secreted 
as a function of  chase time (~) were measured from the autoradiograph in A. The average ratio of  glycosylated HBsAg to nonglycosylated 
HBsAg (gp/p) was 0.551 and is indicated by the horizontal line. 
on  the  oligomer crosslinks  by  incubating  secreted,  fully 
crosslinked HBsAg particles with a lysate of Sf9 cells which 
had been infected with a rat PDI-cDNA bearing recombinant 
baculovirus and so expressed high levels of  this protein (Fig. 
9).  As a  control, lysate from cells infected with wild type 
baculovirus was used. The effect  of increasing amounts of  the 
PDI-containing lysate is  the conversion of the oligomeric 
forms of HBsAg to the dimeric form (Fig. 9  C).  The level 
of monomer  remains  approximately  the  same.  Although 
secreted HBsAg contains no monomer, the prolonged incu- 
bation  with glutathione causes the direct conversion of a 
small fraction of the oligomer to monomer. This can also be 
observed in  incubations in which no cell lysate has  been 
added  (data  not shown).  This experiment shows  that  the 
oligomer crosslinks of HBsAg particles are not stable in the 
presence of PDI although the dimer crosslink formation is 
promoted. 
Discussion 
The  consensus  view  of  HBsAg  assembly  localized  the 
processes  which  convert the  monomeric,  transmembrane 
HBsAg protein to the oligomeric, soluble lipoprotein parti- 
cle to the ER. Here, we present evidence that the later stages 
of this process, in which the I-IBsAg lipoprotein particle is 
assembled from dimeric HBsAg, occurs in an intermediate 
compartment between the ER and the Golgi. This result ex- 
pands our understanding of the assembly pathway of this li- 
poprotein particle and of the role of this intermediate com- 
partment in biosynthesis in that assembly utilizes the special 
environment in this compartment to promote the extensive 
disulphide crosslinking of the HBsAg particle. Once again, 
a study of the way in which a virus exploits the cellular ma- 
chinery has resulted in a  better understanding of that ma- 
chinery. 
The conclusion that lipoprotein particle assembly occurs 
in an intermediate compartment is based on a combination 
of immunocytochemical and biochemical results.  Using a 
cell line that stably expresses HBsAg, we showed that a frac- 
tion of the HBsAg was segregated to a  region depleted of 
soluble ER proteins such as BiP and PDI, although it con- 
tained an established marker of an intermediate compart- 
ment,  rab2.  Quantitation  of  confocal  microscope  data 
showed that the exclusion of PDI was abrupt and suggested 
that the HBsAg enriched regions were distinct from the ER. 
The observation that the fraction of HBsAg segregated to this 
region  increases  during  incubations  with  cycloheximide 
while the amount in the ER decreases shows that this region 
corresponds to a later and rate limiting step in HBsAg matu- 
ration. In agreement with previous work on other cell lines 
(Patzer et al., 1984), our biochemical data showed that intra- 
cellular HBsAg remained endoglycosidase H  sensitive and 
hence must be in a premedial Golgi compartment. This is 
reinforced  by  the  immunocytochemical  observation  that 
treatment of cells with BfA has no effect on the morphology 
of the  PDI  excluding region in  which  HBsAg is  concen- 
trated. Since BfA is known to have a dramatic effect on the 
distribution  of Golgi  markers  including  those  of the  cis- 
Golgi, this shows that HBsAg is concentrated in a pre-Golgi 
compartment. 
Pulse-chase  studies  revealed  the  relationship  between 
HBsAg lipoprotein particle assembly and disulphide bond 
formation. We interpreted our results in terms of  two classes 
of disulphide bonds  in  HBsAg,  dimer crosslinks and oli- 
gomer  crosslinks.  Disulphide-linked  dimers  are  formed 
early and are converted slowly into high molecular weight, 
disulphide-linked oligomers. The observation that the peak 
of dimer concentration (1 h) precedes the half-time for parti- 
cle budding and secretion (2 h), indicates that disulphide- 
linked oligomers are an intermediate in the HBsAg assem- 
bly, Pulse-chase experiments in the presence of BfA showed 
that newly synthesized monomers were converted into a sta- 
ble  population of dimers.  Dimer crosslinks  were formed 
efficiently in the ER while oligomer crosslink formation was 
Huovila et al. Hepatitis B Surface Antigen Maturation  1315 Figure 8. Effect of Brefeldin A tre,  atment on I-IBsAg distribution in SV24 cells. Indirect double immunofluorescence of HBsAg (a, rhoda- 
mine) and PDI (b, labeled with 11)3 followed by fluorescein-tabeled second antibody) on BfA-treated SV24 ceils shows that Brefeldin A 
does not cause HBsAg to recycle back to the ER, indicating that the HBsAg maturation compartment is distinct from the Golgi. A region 
in which HBsAg is concentrated and from which PDI is excluded has been marked by an arrow, c shows a pulse-chase of SV24 cells in 
the presence of BfA. d shows the quantitation of the experiment depicted in c with the total monomers (--~-) and dimers (-e-) seen in 
the nonreduced lanes represented as a percentage of total immunoprecipitable HBsAg. Note that disulphide crosslinking halts at the stage 
of dimer formation. Bar, 10 t~m. 
blocked. The complementary experiment in which mature, 
highly crosslinked, secreted HBsAg particles were incubated 
in the presence of PDI containing lysate showed the conver- 
sion of oligomers to dimers demonstrating that oligomeric 
crosslinks are not stable in the presence of PDI. Although 
we have no  evidence concerning which  cysteines are  in- 
volved in the two classes of bonds, this experiment validates 
our distinguishing them; the free energy of the dimer cross- 
links must be lower than that of the oligomer crosslinks since 
incubation with a catalyst causes the conversion of  oligomers 
to dimers. 
Together these results yield a picture of HBsAg lipoprotein 
particle assembly in which rapid dimer formation in the ER 
is followed by segregation of HBsAg to an intermediate com- 
partment in which the absence of  PDI allows extensive inter- 
molecular disulphide crosslinking of  the dimers and budding 
of the lipoprotein particle to occur. 
Maturation Pathway of HBsAg 
The role of this intermediate compartment in the biosynthe- 
sis  of the  HBsAg  lipoprotein particle  is  indicated  in  the 
model (Fig. 10) which extends that of  Ganem and co-workers 
(Eble et al.,  1986;  Simon et al.,  1988) by identifying the 
compartments in which events occur more precisely. Newly 
synthesized HBsAg is translocated across to the lumen of  the 
ER (Eble et al., 1986; Simon et al., 1988) where disulphide- 
linked dimers are formed rapidly (<2 min) in the presence 
of PDI. The concentration of dimers continues to increase 
until 60 min after the pulse. Our cycloheximide data indi- 
cates that the bulk of the HBsAg is segregated to the PDI ex- 
cluding region at the time that dimers become the majority 
of the population. After the transport of  dimers to a post-ER 
compartment (intermediate compartment), the absence of 
PDI allows the formation of oligomer crosslinks. Concomi- 
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with PDI in vitro. The auto- 
radiograph  in  a  shows the 
effect of incubating  secreted, 
35S-labeled HBsAg  particles 
with  increasing  amounts  of 
Sf9 cell lysate from cells in- 
fected with control virus (wiM 
type)  or  PDI-cDNA bearing 
virus.  The  plots  in  b  (con- 
trol  virus-w/M  type)  and  c 
(rat PDI--cDNA  bearing-PDI) 
show the amounts of  the differ- 
ent forms of HBsAg after in- 
cubation with varying amounts 
of cell lysate.  The monomer 
(-A-) and dimer (--~-) compo- 
nents are defined as in Fig. 6. 
The  oligomer  (--m-) compo- 
nents are the combination  of 
the material that did not enter 
the separating gel (Wells) and 
the very  high molecular weight 
material  that  enters  the  gel 
and disappears after DTT re- 
duction. The specific effect of 
increased  PDI expression  in 
the lysate is the conversion of 
the oligomeric forms of  HBsAg 
to dimers. 
tant with oligomer formation, HBsAg becomes resistant to 
protease digestion from the cytosolic side and becomes car- 
bonate extractable (Simon et al.,  1988) reflecting the bud- 
ding of the oligomer into the lumen.  Host membrane pro- 
teins are excluded from these oligomers, perhaps as a result 
of the tight interaction between HBsAg dimers. After bud- 
ding  into  this  compartment,  the  crosslinked,  oligomeric, 
lipoprotein particles pass rapidly through the Golgi where 
they acquire endoglycosidase H resistance before their secre- 
tion into the medium. 
Our results also do not directly address the  state of the 
HBsAg  in  the  virion.  During  viral  infection,  the  bulk of 
HBsAg follows the pathway which we have described in this 
paper but  a  fraction of it  forms the envelope of budding 
virions. Budding of the virion requires interaction with the 
capsid, or core protein of this DNA virus in a manner which 
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Figure 10. A model for HBsAg  particle matura- 
tion in the cell. Newly synthesized HBsAg is 
translocated into the ER lumen (ER) where 
disulphide-linked dimers form rapidly in the 
presence of PDI. Dimers are then transported 
to  an  ER-Golgi intermediate compartment 
(IC),  where HBsAg forms higher oligomers 
and  assembles into  extensively disulphide 
crosslinked particles. This assembly process is 
the rate limiting step in the I-IBsAg particle 
secretion. The mature particles are then trans- 
ported  rapidly  through  the  Golgi  and  are 
secreted.  The  depiction of  the  dimer  and 
oligomer  crosslinks should  be interpreted sche- 
matically. 
is presumed to be similar to that of other enveloped viruses. 
Virion formation makes use of all three forms of the glyco- 
protein, S (24 kD, which we have described in this work) and 
the two longer forms $2 (31 kD) and S1 (39 kD) which are 
produced from three in frame ATGs in the S gene (Ganem 
and Varmus,  1987).  $2 and S are found in both the virion 
and the lipoprotein particles while S1  is found only in the 
virion. An appealing hypothesis is that the virion incorpo- 
rates the dimeric forms of the glycoprotein (S, S1, $2, and 
hybrids) before they exit from the ER while the excess S and 
$2 dimers are transported to an intermediate compartment 
in which maturation to lipoprotein particles occurs. This hy- 
pothesis is supported by the observation that coexpression of 
the longer S1  form of the HBsAg glycoprotein blocks the 
secretion of all forms of I-IBsAg (Pershing et al.,  1986). 
Since the S1 form has been shown to have a retention signal 
(Kuroki et al., 1989), formation of oligomers with the other 
forms of HBsAg would prevent their transport and matura- 
tion. The scavenging of  the S1 form by budding virions would 
then allow the other forms to proceed to the intermediate 
compartment and to lipoprotein particle formation. 
Quality Control and Intermediate Compartments 
The relationship revealed in this work between disulphide 
bond formation and secretion for the HBsAg lipoprotein par- 
ticle extends that seen in previous studies on simple protein 
oligomers. Elegant studies of the biosynthesis of a number 
of  membrane and secretory proteins have resulted in the con- 
cept of quality control (Hurtley and Helenius, 1989), which 
posits that only properly disulphide-linked and oligomerized 
proteins are allowed to leave the ER. Although this has been 
ably demonstrated for simple oligomers, the case of highly 
crosslinked particles such as that formed by HBsAg is more 
complex.  The  initial  disulphide-linked dimers  appear  to 
meet the normal requirements of quality control and hence 
they exit from the ER. The later pre-Golgi step of maturation 
occurs in a  distinct, intermediate compartment. A  second 
quality control step occurs here which prevents the further 
transport of immature HBsAg; only HBsAg in lipoprotein 
particles transits the Golgi as shown by the correspondence 
of endoglycosidase H  resistance,  carbonate extractability 
and secretion. A similar two-stage assembly and control pro- 
cess  also  seems  to occur  for the  von Willebrand factor 
(reviewed by Wagner,  1990) which functions in blood vessel 
injury repair, hemostasis, and in promoting endothelial cell 
adhesion. This glycoprotein is found in the plasma as a series 
of disulphide  crosslinked  multimers  built  from  a  single 
subunit. These large multimers appear to be formed in trans- 
or post-Golgi compartments. The two-stage nature of  quality 
control is reflected in the fact that only after protein has 
dimerized in the ER is it transported from this compartment 
and that only crosslinked forms are secreted from the cell. 
In both cases, exit from the ER precedes the formation of the 
highly crosslinked oligomers. 
Our conclusion that the assembly of HBsAg dimers into 
crosslinked oligomeric, lipoprotein particles occurs in a sep- 
arate compartment rests on several assumptions about the 
nature of compartments along the secretory pathway. We use 
the word "compartment" to mean a region that lies on the 
secretory pathway, is distinct in composition from the com- 
partments which precede and follow it, and is morphologi- 
cally distinct from other compartments. Clearly, the com- 
partment in which oligomer crosslinks are  formed in the 
HBsAg lipoprotein particle lies on the secretory pathway 
since the overwhelming majority of the HBsAg is eventually 
secreted from cells. The composition of this compartment is 
distinct from that of  the ER since it lacks soluble ER proteins 
and from that of  the Golgi since it lacks the enzymes respon- 
sible for conferring endoglycosidase H resistance. The mor- 
phological separation of the compartment is demonstrated 
by our immunocytochemistry which shows that the region 
from which PDI is excluded is far larger than that corre- 
sponding to an HBsAg particle and by the observation that 
HBsAg segregation is unaffected by BfA treatment. 
The  finding that  assembly  of HBsAg  dimers  into  the 
secreted lipoprotein particle occurs in an intermediate com- 
partrnent between the ER and the Golgi ascribes a new role 
to this compartment in biosynthesis. Saraste and Kuismanen 
(1984) first identified this compartment by showing that at 
15~  the transport of  viral membrane glycoproteins from the 
ER to the Golgi complex in BHK cells was blocked reversi- 
bly. The protein could leave the ER but failed to enter the 
Golgi, accumulating in a tubulovesicular compartment dis- 
tinct from the ER and the Golgi. An important and, to many 
workers, defining function is the retrieval of the soluble resi- 
dent ER proteins containing the KDEL retention sequence 
at their carboxy termini, such as PDI and BiP (Munro and 
Pelham, 1987). Munro and Pelham (1987) hypothesized the 
existence of a  salvage compartment from which escaped 
KDEL terminated proteins could be retrieved by recycling to 
the ER. Since the extensive disulphide crosslinking is a con- 
sequence of the exclusion of PDI it is likely that the compart- 
ment in which oligomer crosslinks form is either identical 
to or later than the  salvage compartment.  We have also 
shown here that rab2, an established marker of an intermedi- 
ate  compartment  (Chavier  et  al.,  1990)  is  found in  the 
HBsAg enriched, PDI excluding regions. This salvage com- 
partment has been proposed to be the same as the 15~  com- 
partment (Lippincott-Schwartz, 1990;  Pelham, 1988, 1989; 
Vaux et al.,  1990, Warren,  1987),  although colocalization 
with a viral glycoprotein  under conditions of 15~  block has 
not yet been published. 
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termediate compartment,  the diversity of functions that have 
been attributed to it open the possibility that this compart- 
ment is heterogeneous. An ER-Golgi  intermediate compart- 
ment has been identified as the site of the interaction of MHC 
class I with antigen (Cox et al., 1989; Nuchtern et al., 1989; 
Yewdell et al., 1989), and several proteins including p53 and 
p58, two transmembrane proteins of still unknown function 
(Schweizer  et al.,  1988;  Saraste and Svensson, 1991), have 
been localized to it. Tooze et al. (1988) showed that the first 
step of the O-glycosylation of a coronavirus glycoprotein, the 
addition  of N-acetylgalactosamine,  occurred  in  the same 
ER-Golgi intermediate compartment as budding of viral par- 
ticles.  Palmitoylation  of proteins (Bonatti et al.,  1989) and 
the initial step in the formation of the lysosomal mannose- 
6-phosphate targeting signal, the transfer of N-acetylglucos- 
amine-l-phosphate from UDP-N-acetylgalactosamine-l-phos- 
phate  to newly  synthesized  lysosomal enzymes  have also 
been shown to occur in a post-ER pre-Golgi compartment 
(Rizzolo et al., 1985; Rizzolo and Kornfeld,  1988, Komfeld 
and Mellman,  1989;  Lazzarino  and Gabel,  1988;  Pelham, 
1988). Recent work shows that these functions may be in dis- 
tinct compartments between the ER and the Golgi complex. 
Schweizer et al.  (1991)  isolated a fraction  from Veto cells 
that is enriched  in p53 and has properties different from ei- 
ther the ER or the cis-Golgi. Further, Bonatti et al. (1989) 
demonstrated  that protein palmitoylation  occurs in a com- 
partrnent which is later than the 15~  block but before man- 
nosidase I trimming of glycans. We are pursuing experiments 
to further characterize the compartment which is involved in 
the maturation of HBsAg lipoprotein  particles and to relate 
it to other markers of this region. 
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